Introduction
Long Valley Caldera in California has been studied intensively for decades [Hill et al., 24 2017]. Bailey et al. [1976] and Hill [1976] discussed the geological and geophysical struc-25 ture of Long Valley Caldera and its eruption history. A persistent focus of research has 26 been the location and activity of magma [Ryall and Ryall , 1981; McConnel et al., 1995; 27 Hildreth, 2004; Peacock et al., 2016] . A combination of volcanic and tectonic forces gen-28 erates high rates of seismicity, including frequent earthquake swarms. Savage and Clark
29
[1982] studied the 1980 M6 earthquakes and concluded that the earthquakes were trig-X -6 NAKATA AND SHELLY: ROOF OF MAGMATIC SYSTEM AT LONG VALLEY remaining after the caldera-forming eruption ∼767 ka [Crowley et al., 2007] , which would 86 be a low-velocity volume [Dawson et al., 1990; Weiland et al., 1995; Seccia et al., 2011] .
87
Black et al. [1991] argued that the reflections studied by Hill [1976] are likely caused 88 by the caldera wall. We can exclude this possibility based on the radiation angle of the 89 reflected wave from the beamforming result ( Figure S1 ). 
Amplitude and polarity
Observed S-wave amplitudes are stronger than P waves even though we use the vertical 
98
To understand the strong amplitude of the reflection, we analyze the phase of this wave.
99
Because the reflected wave arrives between P and S direct waves in time, this wave travels 100 as a P wave for the majority of the path and is recorded on the vertical component (Figure   101 S2); hence the wave is either PP or SP waves (first letter represents the wave type along 102 the path from the source to the reflector, and the second from the reflector to the receiver).
103
Stroujkova and Malin [2000] studied the reflected waves on the west side of the caldera, 104 and they found that the frequency content of the reflected waves is lower than P waves 105 and similar to S waves; therefore they concluded that the waves they analyzed were SP For the vertical component with a nearly strike-slip earthquake and the radiation angle 109 computed by Shelly et al. [2016b] , direct P and S waves have opposite polarity, P and 110 PP waves also have opposite polarity, and P and SP waves have the same polarity when 111 the velocity below the reflector is lower (the cartoons in Figure 3 ). Because the focal 112 mechanisms for most of the earthquakes in this cluster are similar [Shelly et al., 2016b], 113 we assume that the polarities of observed waves do not vary much among different earth-114 quakes. To estimate accurate polarity changes, we compute averaged P, reflected, and S 115 wavelets over all earthquakes by using waveforms around the travel times of each wave 116 shown in Figure S2 
121
This suggestion of SP wave is also supported by the amplitude of the reflection (Ap-122 pendix B). If the reflector is nearly horizontal, excitation energy for a PP wave is small, 123 similar to the direct P wave (excitation point is close to the nodal plane). The SP wave 124 is excited as an S wave, stronger than a P wave, converted to a P wave at the reflec-125 tor, and observed in the vertical component of station MLH as a P wave, with a greater 126 portion of its energy vertically polarized compared to the direct S wave. Therefore, the 127 SP reflection can be stronger than direct P or S waves. In Appendix B, we analytically to include the possibility that the reflectors are above the source regions or are vertically 134 oriented [Hale et al., 1992] . RTM is a technique to image subsurface reflectors: first we 135 numerically reconstruct wavefields from sources and receivers, respectively (these waves 136 meet at the location of scatterers/reflectors), and then crosscorrelate these reconstructed 137 wavefields to image reflectors [Baysal et al., 1983; Sava and Hill , 2009 ; Nakata and Beroza, (Table S1 ).
144
With this 1D velocity model, we apply RTM in 2D (slice of each degree of azimuth) but 145 not 3D because horizontal slownesses are preserved. For the 2D RTM at each degree of 146 azimuth, we first choose earthquakes that occur in this degree range (e.g., 224.5
• -225.5
• ).
147
After the 2D RTM for all azimuths, we concatenate 2D slices to generate a 3D image of that has a value of 1.0 where the envelope intensity of synthetic images after smoothing 170 is larger than 0.1 and 0 everywhere else, and then multiply the mask to the 3D image.
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The result illustrated in Figure 4d shows that a strong reflector exists around 8.2±0.1 km 172 depth, where the silver isosurface is illustrated. The depth uncertainty is based on the 173 thickness of the high intensity area (>0.9 normalized intensity). 
Discussion
As we inferred from beamforming ( Figure S1 ), the reflector is located deeper than the 175 source region (Figure 4d ). We conclude that this reflector is the top of a low-velocity we can extract the information of magmatic system using waves from densely clustered 225 earthquakes recorded on a single receiver. The P, reflected, and S waves stand out clearly as indicated by the green, red and blue arrows, respectively. The black arrow highlights the S-to-P converted wave at 2 km depth. Figure 1bc ). Due to this sparseness, we find artifacts in the negative East slowness
17
(also known as aliasing or cycle skipping). This also indicates that the depth and north 18 slownesses are more reliable than the East slowness. Note that, although the assumption
19
of the plane wave is not well satisfied here, we can interpret the beams in Figure S1 and If we use sub-clusters of these events as source arrays, plane-wave assumption is better 23 satisfied because the array size becomes smaller, but signal-to-noise ratio (SNR) would 24 be decreased due to the smaller number of sources averaging in each cluster.
25
Next, we beamform the observed wavefields from 0.5-4.5 s in Figure 2b ( Figure S1b ).
26
Because the wavefields contain not only the three waves we are interested in, the beams 27 are complex and more difficult to interpret than the impulse response. By using Figure   28 S1a as a reference, we can find the beams of P, reflected and S waves in Figure S1b as S waves, respectively; they are all too low (and similar to synthetic beams in Figure S1a ) 36 compared to the expected seismic velocities at this depth (Table S1 ). One possible reason 37 of the high slownesses (low velocities) is that the discrepancy between plane and spherical 38 wave-fronts for different sources approaches is not ignorable in this scale [Johnson and 39 Dudgeon, 1993] .
40
Because the depth slowness of the reflected wave has the opposite sign than other two 41 waves, the reflected waves first propagate downward, reflect at an interface, and then
42
reach the receiver at the ground surface as expected from the shape of the moveout in 43 Figure 2b . This also indicates that the reflector is located deeper than the source region.
44
Appendix B: Amplitude ratios between P, S, PP, and SP waves
In this appendix, we calculate approximate amplitude ratios between direct P, direct S,
45
reflected PP, and reflected SP waves based on our knowledge of the radiation pattern of 46 earthquakes and structural parameters ( because we assume that V p /V s is constant. In our data, θ = 180 − 65 − 38.6 = 76.4
• and 57 φ = 48.7 − (100 − 90) = 38.7
• for direct waves.
58
We assume that the distance is based on the straight path (r = 7.2 km for direct waves).
59
This is accurate enough for our study by comparing the estimated takeoff angle (38. 
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